Infertility concerns a minimum of 70 million couples worldwide. An important proportion of cases is believed to have a genetic component, yet few causal genes have been identified so far. In a previous study, we demonstrated that a homozygous mutation (c.144delC) in the Aurora Kinase C (AURKC) gene led to the production of large-headed polyploid multi-flagellar spermatozoa, a primary infertility phenotype mainly observed in North Africans. We now want to estimate the prevalence of the defect, to improve our understanding of AURKC physiopathology in spermatogenesis and assess its implication in oogenesis. A carrier frequency of 1/50 was established from individuals from the Maghrebian general population, comparable to that of Y-microdeletions, thus far the only known recurrent genetic event altering spermatogenesis. A total of 62 patients were genotyped, all who had a typical phenotype with close to 100% large-headed spermatozoa were homozygously mutated (n 5 32), whereas no AURKC mutations were detected in the others. Two homozygous females were identified; both were fertile indicating that AURKC is not indispensible in oogenesis. Previous FISH results had showed a great chromosomal heterogeneity in these patient's spermatozoa. We demonstrate here by flow cytometry that all spermatozoa have in fact a homogeneous 4C DNA content and are thus all blocked before the first meiotic division. Our data thus indicate that a functional AURKC protein is necessary for male meiotic cytokinesis while its absence does not impair oogenesis.
INTRODUCTION
A recent survey carried out on 172 413 women from 25 countries indicated a 9% prevalence of couple infertility, a figure noticeably lower than what is typically cited in the literature. Even with this lower estimate, the authors calculated that 70 million couples at least are concerned by this pathology (1) . It is now accepted that male and female factors contribute almost equally to this problem and that an important proportion of male infertility cases is caused by genetic defects. Yet since the discovery of the Y microdeletions in the 70s (2) , only two genes have formally been associated with impaired spermatogenesis in the human (3, 4) and AURKC is the only one found mutated in several unrelated individuals (4) . Affected men present with primary infertility caused by 100% teratozoospermia with a majority of large-headed spermatozoa with up to four flagella (5) (Figs 1 and 2 ). This characteristic phenotype was described 30 years ago (6) and new cases have been reported regularly since (7) (8) (9) (10) (11) (12) (13) (14) (15) (OMIM 243060) . Several FISH studies demonstrated that almost all the spermatozoa from patients with a typical form with 100% teratozoospermia showed polyploidy or aneuploidies (8) (9) (10) (11) (12) (13) (14) while 'mosaic' forms had a percentage of euploid spermatozoa proportional to their ratio of normal-sized gametes (15) .
In our previous study, we carried out a whole genome scan on 10 men of North African origin presenting with typical homogeneous large-headed spermatozoa. We localized a candidate region and subsequently identified the same homozygous mutation on the Aurora Kinase C gene (c.144delC) in all the patients tested (4). AURC is preferentially expressed in the testes and is involved in chromosomal segregation and cytokinesis (16 -18) . We demonstrated that the identified frameshift mutation led to the premature termination of translation yielding a non-functional truncated protein that lacks its kinase domain. All patients shared a common haplotype allowing us to conclude that they had a common ancestor and that the original mutational event took place approximately 15 centuries ago (4).
Here we investigate the frequency of this genetic defect by analysing patients and control individuals from the Maghrebian population. We also genotyped other family members to try and identify females homozygous for the c.144delC deletion to assess AURKC function in female fertility. Finally, we developed a flow cytometry assay to directly measure the quantity of DNA present in the patient's spermatozoa to verify if haploid gametes are present in the patient's ejaculate and whether ICSI can be legitimately be proposed to these patients.
RESULTS

AURKC molecular analysis of patients and family members
Sixty-two patients with various percentages of large-headed spermatozoa were analysed (Table 1) . Thirty-two patients presented with a typical profile of .95% teratozoospermia, .35% large headed and .20% multiflagellar spermatozoa and a concentration comprised between 0.4 and 28 M/ml. All carried two AURKC mutations. Thirty one were c.144delC homozygous and one was heterozygous for c.144delC and p.C229Y, a novel false sense mutation in exon 6. All AURKC þ/þ patients either lived or originated from North Africa (Morocco Tunisia and Algeria).
Thirty patients did not fit the criteria defined for typical large-headed patients. No mutations were identified in any of these 30 patients after double strand sequencing of the entire coding sequence and intron boundaries of the AURKC gene. These patients can be separated into three separate groups: (i) 19 patients came from Iran. They had a good concentration and a low percentage of large-headed spermatozoa (2-5%). (ii) Nine patients had variable percentage of macrocephalic spermatozoa (5-75%) associated or not with flagellum abnormalities and are referred to as 'atypical' in Table 1 . (iii) Two patients had extreme oligozoospermia with only a few spermatozoa-all macrocephalic-in the entire ejaculate. Because of the paucity of data they do not appear in Table 1 .
Sperm from typical and mosaic large-headed had a comparable Multiple Anomalies Index .2 for the typical forms and .1.7 for the mosaic as well as acrosome abnormalities (average 80% for both groups).
Ten sisters of AURKC mutated men could be recruited for the study: four were homozygous wild-type, four were heterozygous and two were homozygous for c.144delC, both had conceived naturally two and six children, respectively, and did not report any miscarriages or any difficulties in conceiving.
AURKC c.144delC mutation analysis in control populations
A total of 8 heterozygotes were identified in 440 unrelated individuals coming from 6 subgroups as follows: A fourth individual had an abnormal DHPLC profile different from the usual c.144delC heteroduplex peak. Sequence analysis revealed that he was heterozygous for another mutation: p.Ile79Val (c.235A.G) (Fig. 3 ). 
Electron microscopy study
By scanning electron microscopy (SEM), all observed spermatozoa from one homozygous c.144delC patient with a typical phenotype showed important morphological abnormalities (Fig. 1) . The heads were usually approximately four times larger than the normal size ( Fig. 1B-E ) and often appeared with an irregular outline with protrusions ( Fig. 1B and C) . Most spermatozoa showed multiple flagella ( Fig. 2B-E) , often up to four flagella (Fig. 1C) . Anomalies of implantation of these multiple flagella on a too narrow nuclear basis ( Fig. 1D and E) often led to their separation from the sperm head (Fig. 1F) . Transmission electron microscopy (TEM) (Fig. 2 ) revealed that 90% of the sperm heads were mononucleated, the remaining 10% being binucleated. These enlarged irregular sperm heads resulted from a giant nucleus with a very irregular outline associated to a misshapen acrosome ( Fig. 2A and B) and a cytoplasmic remnant ( Fig. 2A) . Several flagella could be seen in longitudinal sections (Fig. 2B ). Transverse sections allowed seeing that their number often reached up to four flagella (Fig. 2C ). Multiple flagella were seen in 80% of the middle piece sections.
Flow cytometry analysis
A control DNA index M2/M1 was calculated using the ratio of the mean fluorescence intensity (MFI) of propidium iodide For patients, the DNA index was established by calculating the ratio between the MFI of PI fixed by the patient's spermatozoa (Mp) and that fixed by control spermatozoa (Mp/M1). Four semen from c.144delCþ/þ patients could be analysed (Fig. 4) . All showed an Mp/M1 of 4 + 0.3 with a coefficient of variation ,10% thus indicating that the overwhelming majority of the patient's spermatozoa had a 4C DNA content and thus were tetraploid.
DISCUSSION
Two AURKC mutations were identified in all patients presenting with a typical phenotype. The relatively large variations observed in the proportion of morphological abnormal spermatozoa within these patients (Table 1) probably reflect, at least partly, inter-laboratory scoring variability (19) . All . Flow cytometry histograms obtained after decondensation and PI staining of (A) normal spermatozoa from a fertile anonymous donor; (B) leukocytes; (C -F) spermatozoa from c.144delC þ/þ patients. The x-axis (FL2-A) represents the intensity of fluorescence on a linear scale. It is directly proportional to the quantity of DNA fixed by each cell analysed (10 000-100 000). The y-axis (counts) represents the numbers of cells/events analysed on a linear scale. In each case, the first peak (between 0 and 100) corresponds to cell debris. The DNA index for each patient is calculated using M1 from histogram (A). The small peak around 400 in (A) corresponds to a small proportion of diploid white cells present in the ejaculate of the donor. The small peak at 800 in (B) corresponds to a minority of leukocyte in mitosis. In (C-E) a single peak is observed [sometime with an embedded secondary peak (D-E) indicating an unequal access of the dye to the DNA of the oversized nuclei] with a DNA index around 4. Patient F spermogram showed the presence of approximately 1/3 of white cells, they appear as a single narrow peak at 449. not present with a typical phenotype. Two patients were almost azoospermic with only a few detectable spermatozoa, all large-headed and multi-flagellar. Nineteen Iranian patients had a good numeration with low percentages of large-headed spermatozoa (2 -5%), we had hypothesized that they could carry a less severe AURKC mutations. The last nine were principally of French origin and had between 5 and 75% of largeheaded spermatozoa. FISH analysis had previously been realized on four of these patient's spermatozoa and had showed a high, albeit not total, rate of chromosomal abnormalities (30 -70%) (15) . No mutations were found after sequencing of the whole AURKC coding sequence of these 30 'atypical' patients. No semen samples were available to test the ploidy of these patient's spermatozoa by FACS. Overall, all typical patients with 100% abnormal spermatozoa with a majority of large-headed spermatozoa frequently associated with several flagella carried two AURKC mutations, while no mutations were identified in the milder forms with fewer abnormal gametes or in patients with near azoospermia. All mutated patients originated from Tunisia (n ¼ 9), Morocco (n ¼ 10) and Algeria (n ¼ 9), and four had an unspecified North African origin. Only four North African reproductive centres participated in the study. We can thus expect that numerous patients did not consult, either because of the taboo still frequently associated with male infertility or for lack of accessible/affordable reproductive medicine.
To estimate the frequency of the mutation, we genotyped four series of subjects originating from North Africa. There were 8 carriers out of 385 individual tested (frequency .1/50). From this figure, the expected prevalence is of 1/10 000 men, thus ranking AURKC infertility in North Africa among the most frequent single gene defect before spinal muscular atrophy or myotonic dystrophy (20) . One of the groups of patients analysed was constituted by French residents originating from North Africa undergoing infertility treatment for abnormal sperm parameters (but not for large-headed spermatozoa) in a centre near Paris. Only one heterozygote was identified from the 71 tested indicating that the c.144delC frequency was not higher in infertile men, suggesting that AURKC is probably not implicated in other (milder) forms of male infertility. This was confirmed by the fact that no mutations were identified in patients with less severe forms of large-headed spermatozoa. Also, the only compound heterozygote identified presented with a typical largeheaded phenotype despite carrying a false sense mutation (p.Cys229Tyr) that could be expected to be less severe than a truncating mutation located early in the gene-like c.144delC. Other pathological variants can be expected to be found as a mutation in the exon 3 conserved amino acid 79 (p.Ile79Val) was identified in one (of 385) control individual.
All the affected men interrogated (n ¼ 15) thought to be of Arab rather than of Berber origin. We thus genotyped 55 individuals from the Arabian Peninsula. There were no c.144delC carriers in this small cohort indicating that, if the mutation is present in this population it is probably at a lower frequency than in North Africans. We can speculate that the mutation either preceded or succeeded the Arabic invasion of North Africa (seventh century), but was probably not brought by the invading troops. A larger epidemiological study is underway to better assess the origin of the mutation.
To our knowledge, AURKC is the first gene in which a recurrent mutation has been shown to cause male infertility by impairing spermatogenesis. We estimate the frequency of heterozygotes in the North African population to be of 1 in 50. This indicates that AUKRC deficiency could be among the most frequent single cause of male infertility in Maghrebian men. This high frequency is surprising for mutation clearly inducing a reproductive handicap. One can wonder if AURKC heterozygosity could bring a selective advantage that would explain this high frequency, but we presently do not have any cue to what it might be.
AURKC instrumental role in male meiosis and its reported expression in ovary (21) and oocytes (22,23) suggested a probable role in oogenesis. None of our patients, however, reported the occurrence of female infertility or recurrent miscarriages in their relatives. We screened the patient's sisters who volunteered for the study to identify c.144delC homozygous females. Two of them were homozygotes and had fostered two and six children, respectively, indicating that AURKC therefore is not indispensable for oogenesis. This information highlights fundamental differences in meiotic basic mechanisms between male and female. AURKC transcripts have also been reported to be present in 16 somatic tissues (21) . In our experience, apart from infertility, AURKC mutated men do not show any other health problem. We can thus conclude that AURKC expression in somatic tissues and ovaries is either ectopic or redundant and that in human it is only absolutely necessary for spermatogenesis.
Aurora Kinases are key mitotic agents and their inhibitors appear as promising anticancerous molecules (24) . The molecules being currently tested inhibit all three kinases or at least Aurora B and C (25) . Chemiotherapies have always affected fertility and greatly increase the risks of producing aneuploid gametes. Never before however, have they specifically disrupted male meiosis. Animal studies should therefore be carried out to assess the effect of anti-Auroras on spermatogenesis and establish their reversibility. If these drugs prove their efficiency, more than ever before, it will be critical for male patients to organize gamete cryopreservation before beginning the treatment.
Sperm samples could be obtained from four c.144delC homozygous patients and analysed by flow cytometry after PI staining (Fig. 4 ). All presented a single peak corresponding to a DNA index of 4 indicating that all spermatozoa had a 4C DNA content instead of the 1C expected from normal gametes. These data indicate that spermatogenesis was blocked after DNA synthesis but prior to the first meiotic division (Fig. 5) . Surprisingly, spermiogenesis is not blocked and the presence of four haploid genomes is detected and leads to the frequent formation of four flagella. Previous reports of FISH analyses realized on spermatozoa from affected men showed a great variability in the number of counted chromosomes, even within spermatozoa from the same patients. In these reports, the number of spermatozoa interpreted as haploid varied from 0 to 8%, as diploid from 20 to 60%, as triploid from 10 to 62% and as tetraploid from 5.1 to 36% (4,8 -14,26) . We demonstrated here that there is no such chromosomal heterogeneity and that all patient's spermatozoa are in fact tetraploid. It is thus likely that in the spermatozoa scored as haploid after FISH analysis, the bivalent had not (27) , thus indicating that in rodents spermatogenesis, both chromosome segregation and cytokinesis could take place without Aurora C. It has been demonstrated in human cells that AURKC function can overlap with and complement AURKB during mitosis (28) . We can hypothesize that the reverse may be possible in mouse testis: Aurora B could compensate for the absence of Aurora C during meiosis. Alternatively, a negative effect of the mutant protein cannot be ruled out; however, the apparent absence of phenotype in heterozygous men does not favour this hypothesis. The phenotype of knock-in animals with the equivalent of the c.144delC mutation would have to be investigated to confirm or eliminate this possibility.
Taken together, our observations indicate that in men without a functional Aurora kinase C protein, a perturbed chromosomal segregation can occur, whereas meiotic cytokinesis is always blocked. The division blockage is likely to be secondary to the segregation defects that would trigger a spindle checkpoint signal leading to a forced exit from the meiotic M-phase. This is supported by the effect of ZM447439, a small molecule Aurora inhibitor, that was showed to perturb signal checkpoint signalling in rat seminiferous tubules in vitro (29) .
Our data show that, although typical forms of large-headed spermatozoa syndrome are genetically homogeneous, other mechanisms and probably other genes lead to the production of such abnormal gametes. It can sometime be difficult to distinguish between the 'true' and 'mosaic' forms of the syndrome. We demonstrate here that there can be no hope of autologous fertilization for AURKCþ/þ men as all spermatozoa are tetraploid. Although low, the chances of pregnancy cannot be ruled out for patients with atypical forms (15, 30) . It is therefore important to realize a molecular diagnosis for all patients. Homozygous men can only be oriented towards gamete donation or adoption, whereas FISH analysis can be performed on AURKC negative patient's spermatozoa to provide them with a more accurate prognosis and propose PGD if appropriate (31) .
MATERIALS AND METHODS
Patients and controls
A total of 62 patients were included in this study. Patients were divided into four groups: (i) Thirty two patients presented with a typical profile with .95% teratozoospermia, .35% large headed and .20% multiflagellar spermatozoa, and a concentration comprised between 0.4 and 28 M/ml. The 14 patients genotyped and described in (4) are included in this group. (ii) Nine patients had variable percentage of macrocephalic spermatozoa associated or not with flagellum abnormalities and did not fit the criteria for the typical profile. Among these patients, four had been described previously in (15) . (iii) Nineteen patients had been recruited in Iran for infertility of unknown origin. All had low rates of large-headed spermatozoa (2-5%), .35% head defect and a normal concentration and sperm volume. (iv) Two patients were analysed who had near azoospermia with less than 10 spermatozoa observed after centrifugation of the whole ejaculate. All observed spermatozoa were large headed with several flagella.
None of the 62 patients had chromosomal abnormalities. None of the patients from groups 1, 2 and 4 were positive for Y microdeletions. This information was not available from the Iranian cohort. None of the patients were related apart from two brothers included in group 1. Fifteen additional Figure 5 . Schematic representation of spermatogenesis in (A) fertile men; (C) c.144delC þ/þ patients. In fertile males, germ cells undergo two meiotic divisions (M1, M2) leading to the production of haploid cells with 1c of DNA (A). This is followed by spermiogenesis, the acquisition of sperm specific characteristics (A). In c.144delC þ/þ patients, we demonstrated that all spermatozoa have a 4c DNA content (Fig. 4) indicating that the first cleavage did not occur (B). Germ cells from c.144delC þ/þ patients undergo DNA synthesis and reach the spermatocyte I stage and remain blocked between prophase and anaphase I with a quantity 4c of DNA (C). There are no divisions, hence the cells maintain a large size (as seen in Fig. 1) . Surprisingly, spermiogenesis takes place with an elongation of the head, a reduction of the cytoplasmic volume and the acquisition of several flagella. The absence of cell division, the possibility of spermatozoa sequestration in the testis and/or cell death can explain the reduced sperm count of most affected men. All patients, family members and anonymous donors gave their written informed consent. This work was approved by the Grenoble teaching hospital ethical committee.
Sperm analysis
Sperm analysis was carried out in the source laboratories. World Health Organization (WHO) (32) guidelines were respected although small protocol variations might be observed between the different laboratories.
Mutation analysis
DNA preparation and PCR amplification. Genomic DNA was extracted either from peripheral blood leucocytes using a guanidium chloride extraction procedure or from saliva using Oragene DNA Self-Collection Kit (DNAgenotech, Canada). AURKC PCR amplification was carried out as described previously (4) . DHPLC. Exon 3 of the 440 control subjects was amplified and analysed by DHPLC. The PCR products were analysed both individually and pooled 2 by 2 to reduce the risk of not detecting homozygous mutants. PCR products were loaded on a DNA separation column (Transgenomic, Santa Clara, CA, USA) and ran over a 4.5 min period through a linear acetonitrile gradient (54 -63% buffer B) at a temperature of 61.28C. All abnormal profiles were sequenced to confirm presence and nature of the mutation. DHPLC profiles with their corresponding sequences are shown in Figure 3 .
Sequencing analysis. All analyses were carried out using the BigDye Terminator v3.1 sequencing kit and an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Primers and protocols are as published previously (4) .
AURKC exon 3 double-strand sequencing was realized for all the control DNA having yielded an abnormal DHPLC profile (Fig. 3) and for all patients with large-headed spermatozoa. When no mutation was identified in exon 3, double strand sequencing of the other six exons and intron boundaries was realized.
Electron microscopy
After liquefaction, the whole ejaculate was washed in PBS and fixed in 2.5% glutaraldehyde in PBS. The two halves of the sample were used for scanning and transmission microscopy.
Scanning electron microscopy. SEM was carried out on one patient and no statistical data could be obtained. Figure 1 provides an illustration of the obtained results. The spermatozoa were rinsed in PBS buffer, postfixed in 1% osmium tetroxide in buffer, dehydrated in a graded ethanol series, critical point dried and sputter-coated with gold. The samples were then examined using a Jeol JSM5600LV scanning electron microscope (Fig. 1) .
Transmission electron microscopy. TEM was carried out on one patient and no statistical data could be obtained. Figure 2 provides an illustration of the obtained results. The spermatozoa were rinsed in 4% sucrose and embedded in 2% agar. Postfixation was carried out for 1 h in 1% osmic acid in 0.1 M Sorensen buffer with 4% sucrose. After dehydration, small pieces were embedded in araldite. Sections were cut, stained with uranyl acetate (4% in 70% ethanol for 20 min) and lead citrate and examined under a JEOL JEM 100CX II transmission electron microscope (Fig. 2) .
Flow cytometry
Spermatozoa and leukocytes preparation. The spermatozoa were frozen and stored in liquid nitrogen according to the routine clinical protocols followed by the source laboratory. During thawing, 12 ml of PBS buffer (GIBCO w ) were added drop by drop to eliminate the cryopreservation medium. The spermatozoa were then centrifuged for 10 min at 800 g at RT and the supernatant eliminated. The resulting pellets were resuspended in PBS by gentle manual shaking.
Leukocytes were obtained on the day of the cytometric analysis from total blood by standard Ficoll gradient and stored at 48C before use.
Nuclear decondensation, PI staining and analysis. Cell membranes were permeabilized by a trypsin-detergent procedure based on Vindelov et al. (33) . Several modifications to the published protocol were necessary to obtain an adequate degree of DNA decondensation. One hundred microlitres of cell preparation (10 5 -10 6 cells) was incubated at room temperature for 3 h with 100 ml of solution containing 1 g/l of citric acid; 0.52 g/l spermin, 0.06 g/l Tris, 1% v/v NP40, 30 mg/l Trypsin, 1 g/l proteinase K and 10 mM 2-Mercaptoethanol. Proteases were then degraded by a 10 min incubation with 750 ml of solution with 0.1 g/l RNAse, 0.5 g/l trypsin inhibitor and 2 mM phenylmethylsulfonyl fluoride. Finally, 250 ml of PI (1 g/l) was added and incubated at 48C in the dark for 2 h prior to cytometric analysis.
All the samples were analysed on a 488 nm Argon laser FACSCalibur flow cytometer (Becton-Dickinson) with a 585 nm band-pass filter used for emission. The data were analysed using CellQuest Pro software (Becton-Dickinson). Baseline levels for normal diploid and haploid cells were measured on leukocytes and normal spermatozoa, respectively.
